Purpose: Cerebral cavernous malformations can occur sporadically or are caused by mutations in one of three identified genes. Cerebral cavernous malformations often remain clinically silent until a mutation carrier suffers a stroke or seizure. Presymptomatic genetic testing has been valuable to follow and manage cerebral cavernous malformation mutation carriers. During routine diagnostic testing, we identified a two base pair change in seven unrelated people of Ashkenazi Jewish heritage. Because of the location of the variant beyond the invariant splice donor sequence, the change was reported as a variant of unknown significance. In this study, we determined whether this change was a disease-causing mutation and whether it represents a founder mutation in the Ashkenazi Jewish population. Methods: Transcripts arising from the normal and mutant alleles were examined by reverse transcriptionpolymerase chain reaction from affected and unaffected Ashkenazi Jewish cerebral cavernous malformation family members. A synthetic splicing system using a chimeric exon was used to visualize the effects of the change on splice donor site utilization. Results: The two base pair change in CCM2, c.30 ϩ 5_6delinsTT, segregated with affected status in the study families. Reverse transcription-polymerase chain reaction revealed loss of the transcript allele that was in phase with the mutation. The two base pair change, when tested in an in vitro synthetic splicing system, altered splice donor site utilization. Resequencing of the genomic region proximal and distal to the CCM2 gene mutation revealed a common single-nucleotide polymorphism haplotype in affected individuals. Conclusions: The two base pair change in CCM2, c.30 ϩ 5_6delinsTT, disrupted proper splice donor utilization leading to a degraded transcript. Single nucleotide polymorphism haplotype analysis demonstrated that this mutation was due to a founder in the Ashkenazi Jewish population. These data have the potential to simplify genetic testing for cerebral cavernous malformation in the Ashkenazi Jewish population. Genet Med 2011:13(7):662-666.
C erebral cavernous malformations (CCMs, OMIM# 116860) are vascular malformations of the central nervous system consisting of clusters of dilated vessels lined by a single layer of endothelium, lacking mature vessel wall elements, and filled with blood at various stages of thrombosis. CCMs can be clinically silent or can grow or bleed, resulting in stroke, seizures, and focal neurologic deficits (reviewed in Ref. 1) . CCMs occur sporadically as solitary lesions and as an autosomal dominant trait in cases with multifocal lesions throughout the central nervous system. Three genes have been identified for inherited CCM, and mutations in one of these three genes have been identified in the majority of CCM families. [2] [3] [4] [5] [6] Genetic testing for CCM is now routinely available for CCM individuals and families and has value because of the potential for mutation carriers to appear clinically silent until a significant hemorrhage occurs. Identification of a mutation in a family member allows the rapid screening of the entire kindred for that specific mutation, reassures those who do not carry the mutation, and focuses clinical evaluation and follow-up on mutation carriers.
Although most mutations in each of the CCM genes are family specific, two common mutations have been identified. A 76 kb deletion of exons 2-10 in the CCM2 gene has been identified in multiple samples from an as yet undefined subpopulation in the United States. 7 Nearly all CCM families from the Mexican-American Hispanic population harbor the identical nonsense CCM1 mutation 3 because of a founder effect in this population. 3, 8, 9 The knowledge of these common mutations has simplified genetic testing for CCM, especially in the MexicanAmerican Hispanic population.
The identical two base pair change in CCM2, c.30 ϩ 5_6de-linsTT, was identified in seven apparently unrelated probands from 10 different kindreds of Ashkenazi Jewish (AJ) descent. However, the clinical significance of this variant was unknown. Although it lies near the splice donor junction of the first exon, the change does not alter the canonical splice donor site. In this study, we examined genomic DNA and messenger RNA (mRNA) of AJ CCM families and individuals with this variant. We also constructed a novel chimeric exon harboring this mutation and used this chimera in a synthetic mRNA splicing system to determine whether this variant altered recognition of the splice donor by the cellular splicing machinery. Finally, as there are numerous founder mutations for various inherited disorders in the AJ population, 10, 11 we also examined singlenucleotide polymorphism (SNP) haplotypes across this variant to determine whether this change represents a founder mutation in this population.
METHODS

Study subjects and nucleic acid extraction
Individuals were enrolled in the study after giving informed consent (approved by the Duke University Health System Institutional Review Board Committee). Diagnosis of CCM was based on a positive magnetic resonance imaging scan. AJ her-itage was identified prospectively by the patients in a standardized questionnaire at the time of referral for genetic testing and was verified by telephone interview at the time of informed consent for this study. Genomic DNA and RNA were extracted from peripheral blood leukocytes from members of family 380 using the Gentra PureGene Blood Kit (Qiagen, Chatsworth, CA) and TRIzol Reagent (Invitrogen, San Diego, CA) extraction protocols, respectively, as per the manufacturer's directions. Genomic DNA was extracted from saliva from members of family 377 using the Oragene⅐DNA kit as per manufacturer's directions (DNAGenotek, Inc.). Nucleotides are numbered with the conventional nomenclature of the A in the first ATG as c.1.
Sequencing
Coding exons 1 and 2 of CCM2 were polymerase chain reaction (PCR) amplified and sequenced. Any sequence variants were reamplified and resequenced to verify the changes. SNPs for the haplotype analysis were identified using the International HapMap Project database and were PCR amplified and sequenced. Allele frequencies were determined using the CEU and TSI population frequency figures on HapMap. Complementary DNA was prepared from RNA from peripheral blood and from 293T cells using M-MLV reverse transcriptase (Invitrogen) and oligo-dT as per manufacturer's instructions. Reverse transcription-PCR products were separated on agarose gels, eluted, and sequenced. The full-length CCM2 transcript is NM_031443, and the transcript initiated from the alternate exon 1 is NM_001029835.
Plasmid construction and transfection
A chimeric exon was constructed to resemble an internal exon with both splice acceptor and splice donor sites. The chimeric exon contains approximately 340 bases of upstream intronic sequence, including the splice acceptor site, and approximately 100 bases of endoglin exon 2. This was ligated in frame to the 3Ј portion of CCM2 exon 1 with approximately 340 bases of contiguous intronic sequence, including the splice donor site. This entire insert was ligated into the MCS of pSPL3, a splicing vector. 12 The specific mutation, c.30 ϩ 5,6de-linsTT, was introduced using site-directed mutagenesis. Plasmid DNA was transfected into 293T cells using Fugene 6 Transfection Reagent (Roche), incubated for 24 hours, and then the RNA was extracted using TRIzol.
RESULTS
The CCM2 c.30 ϩ 5_6delinsTT was the only previously unreported change identified in any of the three CCM genes in seven unrelated individuals of AJ background. This variant is not present in the SNP databases. However, because the variant did not fall within the canonical splice site sequence, it was reported as a variant of unknown significance. We resequenced genomic DNA from four individuals from this original group of seven clinical samples and samples from other family members for two of the probands (families 377 and 380, Fig. 1 , A and B). We reidentified the same change in all the affected probands, all other known affected family members, and in some family members of unknown disease status (Fig. 1, A and B) . Thus, this variant met the minimal mutation criterion of segregating with affected status in two families. We also noted that all the individuals with the putative mutation also showed at least one copy of the minor (A) allele at rs2107732, a SNP in CCM2 exon 2 ( Fig. 1B) , demonstrating that for these families, the A allele in exon 2 was in phase (linkage disequilibrium) with the putative mutation flanking exon 1. As the putative mutation does not itself fall within the coding region of the CCM2 transcript, we realized that rs2107732 could serve as a surrogate to follow the fate of the normal and mutant transcripts.
Because the putative mutation occurs near the splice donor site of CCM2 exon 1 ( Fig. 2A) , we postulated that it might affect mRNA splicing. Different splice site recognition programs consistently predict that the putative mutation reduces the strength of the splice donor site. [13] [14] [15] However, as this variant would alter the splice donor site of the first exon of the CCM2 gene, an exon that by definition cannot be skipped, we did not expect to observe an aberrant splice variant that could validate the effect of the putative mutation on mRNA splicing. RT-PCR was performed on RNA isolated from peripheral blood leukocytes from unaffected and affected family members using primers located in exons 1 and 4 of CCM2. As expected, affected individuals with the putative mutation did not show an aberrant splice variant. However, for affected individuals who were heterozygous for the rs2107732 SNP in exon 2, where the A variant is in phase with the putative mutation, we could follow the fate of the transcripts generated from both the normal and mutant alleles. Normal individuals who are heterozygous at rs2107732 but lack the c.30 ϩ 5_6delinsTT putative mutation showed approximately equal levels of both alleles in the RT-PCR product (Fig. 2B) . Thus, transcription level and message stability are not affected by the allelic status at this SNP. By contrast, affected individuals with the c.30 ϩ 5_6delinsTT putative mutation showed only one allele at rs2107732 in the RT-PCR product (Fig. 2B) . Importantly, in all cases examined, the transcript harboring the A allele-the allele in phase with the putative mutation-was absent. This suggested that the transcript derived from the mutant allele was either not generated or was lost in patients harboring the c.30 ϩ 5_6delinsTT variant.
In addition to the consensus CCM2 transcript, the CCM2 gene harbors a rarely used downstream transcription initiation site leading to a transcript containing an alternate exon 1 ( Fig.  2A) . This alternate transcript is not sufficient to rescue the disease phenotype, however, as there are multiple reports of mutations in the consensus exon 1 of CCM2. 4, 5, 16, 17 Alternate exon 1 maps within the first intron of CCM2, distal to the more commonly used transcription start site of the consensus exon 1. As this alternate exon 1 lies downstream from the site of the putative mutation, we investigated whether the use of this alternate transcription start site would affect the presence of transcript from the mutant allele. We again examined RT-PCR products from an affected individual harboring the putative mutation who was also heterozygous for the rs2107732 SNP in exon 2. When using amplification primers located in alternate exon 1 and in exon 3, we observed both alleles of rs2107732 in the transcript (Fig. 2B) . This indicates that when transcription begins from a point downstream of the putative mutation, the transcript from the mutant allele is not lost. This provided further support that c.30 ϩ 5_6delinsTT affects the splicing of the consensus CCM2 transcript and, therefore, is a bona fide mutation.
These combined observations are consistent with a model where the c.30 ϩ 5_6delinsTT mutation destabilizes the splice donor site of the first exon, leading to an aberrant transcript of Fig. 2 . A, Schematic diagram of CCM2 exons 1-4 including the alternate exon 1. The boxes represent the exons, the primary transcription start codon in exon 1, secondary transcription start site in alternate exon 1, and the reporter SNP in exon 2 (rs2107732) are indicated, and the arrows below the exons indicate the primers used for RT-PCR. B, The top tracing for each column is the sequence of genomic DNA from an unaffected individual (left) and an affected individual (right) both also heterozygous at SNP rs2107732 in exon 2. The second set of tracings show RT-PCR products from the same unaffected and affected individuals using primers in exons 1 and 4 (black arrows). Transcripts from both alleles are present in the unaffected family member, but only one transcript is seen in the affected individual, with the transcript derived from the mutant allele being absent. The last tracing shows the RT-PCR product from the affected individual using primers in alternate exons 1 and 3 (red arrows). Transcripts from both alleles are present in the affected individual when transcription initiates downstream of the mutation.
unknown composition, and this mutant transcript is rapidly lost due to degradation. The degradation of the mutant transcript leaves only negative data (loss of the mutant transcript) as evidence of the molecular effects of the variant and precludes the identification of an aberrant splice variant that would allow a formal test of its effect on splice donor site utilization. To investigate the effects of the mutation on donor site utilization, we moved the splice donor region of CCM2 exon 1 into a synthetic sequence context of a chimeric, internal exon. This chimeric exon contains the splice acceptor region and approximately the 5Ј half of an internal (2nd) exon from a different gene (endoglin), fused to the 3Ј half of either the normal or mutant version of CCM2 exon 1, including the region of the putative mutation and more than 300 bases beyond the mutation (Fig. 3B) . The chimeric internal exon harboring the mutation was cloned into the in vitro splicing vector, pSPL3. 12 This vector contains a strong initial exon including flanking intronic sequence, a cloning site for insertion of exogenous genomic sequence, and a terminal 3Ј exon with a proper splice acceptor site (Fig. 3B) . If the cloned genomic DNA contains an internal exon flanked by recognizable splice acceptor and donor sites, the exon will be included in the resulting spliced transcript. This system has been used to investigate the effects of sequence variants that might affect splicing but which map outside the canonical splice donor and acceptor sites. 18 -20 Chimeric exons containing either the wild type or the putative mutant splice donor were transfected into 293T cells. mRNA was isolated after 24 hours and subjected to RT-PCR with vector-specific primers. As expected, the chimera containing the normal CCM2 exon 1 splice donor produced a spliced product that included the intact chimeric exon (Fig. 3A) demonstrating that even in this artificial genomic context, the normal splice donor site is recognized, albeit not perfectly. By contrast, the chimeric exon harboring the putative splice donor mutation produced an additional, shorter product (Fig. 3A) . Sequencing of this shorter product revealed the use of a cryptic splice donor site mapping within the chimeric exon. In this novel genomic context, the cryptic splice site that was chosen by the cellular splicing machinery maps within the portion of the chimeric exon derived from exon 2 of endoglin. This site would not be present in the mutation's normal genomic context of the CCM2 gene. Nonetheless, these data confirm that the putative mutation, c.30 ϩ 5_6delinsTT, does indeed destabilize the splice donor site of CCM2 exon 1, leading to faulty recognition and utilization of the mutant donor site.
Having shown that this sequence variant is indeed a bona fide CCM2 gene splice donor site mutation, we determined whether the repeated identification of this same mutation in apparently unrelated individuals was due to a founder mutation in the AJ population. To do this, we determined the allele in phase with the mutation at selected SNPs mapping 177 kb proximal and 114 kb distal to CCM2 in the two families and in the two other probands. We identified a unique SNP haplotype that was shared by all affected members of both families and was consistent in the two separate, unrelated individuals (Fig. 1C) . This shared CCM2 mutation SNP haplotype suggests a common founder for at least these four families and possibly for a majority of AJ CCM patients.
DISCUSSION
In this study, we have shown that the two base pair change in CCM2, c.30 ϩ 5_6delinsTT, affects the splice donor site recognition of exon 1, leading to loss of the mutant transcript, and is thus a bona fide disease-causing mutation. Mutations located outside the invariant ag/gt intronic splice acceptor and donor sites can cause aberrant mRNA splicing and are common in human genetic disease. 21 A pertinent example is the major, ancestral Jewish mutation causing familial dysautonomia. This mutation lies in the ϩ6 splice donor position of intron 20 of the IKBKAP gene causing leaky, tissue-specific, skipping of exon 20 in the transcript. 22, 23 Our discovery that this variant in CCM2, c.30 ϩ 5_6delin-sTT, is a disease-causing mutation will enable diagnostic genetic testing laboratories to simplify CCM testing for families of AJ descent. As CCM can remain clinically silent until presentation with a cerebrovascular event, presymptomatic genetic testing in individuals with a family history can aid patient management and clinical care. 24, 25 This point is demonstrated in the third generations of the two families in this study where four of the five family members who had not been diagnosed with CCM were found to be carrying the mutation. These four Fig. 3 . A, RT-PCR products from the synthetic splicing system containing a chimeric exon. B, Schematic representations of the chimeric exon cloned into the pSPL3 vector (top) and the three different resulting RT-PCR products. The wild-type sequence is above the line, and the mutant sequence is below. 1, Full length transcript containing the vector-supplied exon 1 (V1), the vector-supplied terminal exon (Vt) of the splicing vector pSPL3, and the full sequence of the chimeric exon. 2, The product of the vector-supplied first and terminal exons spliced to a smaller fragment of the chimeric exon. The arrow indicates the position of the cryptic splice site used to generate the truncated transcript. 3, Transcript containing only V1 and Vt. M ϭ 100 bp marker, WT ϭ vector with chimeric exon containing wild-type splice donor sequence, Mut ϭ vector with chimeric exon containing mutant splice donor sequence. Mut1 and Mut2 are from duplicate transfections of the mutant version of the construct. individuals can now be followed up clinically in a proactive manner. Also important, those who do not harbor the mutation need not be repeatedly monitored for lesions by magnetic resonance imaging.
We have also demonstrated that at least for those individuals and families represented in this study, the CCM2, c.30 ϩ 5_6delinsTT mutation is a result of a founder in the AJ population. There are many documented founder mutations in the AJ population for a large number of distinct clinical phenotypes. 10, 11 Because of the adult onset of CCM and the minimal effect on reproductive fitness, this CCM2 mutation may have drifted to a moderate frequency in the AJ population, similar to the three common inherited AJ breast cancer mutations. 26 As is the case with founder effect mutations in other diseases, we do not expect that all Ashkenazi CCM patients will have this mutation. To date, 70% (7/10) of the families declaring AJ heritage who were tested for CCM at one large diagnostic testing center harbor this mutation. This mutation was also found in one additional proband who chose not to report ethnicity, so it is uncertain whether this mutation is present in other ethnic groups. Two of the other three self-reported AJ probands harbored different, unique mutations in the CCM1 gene, and in the third, the only potential mutation identified was a missense variant of uncertain significance in the CCM2 gene.
We do not know whether this mutation is only present in the US AJ population or whether it will also be found in the larger worldwide Ashkenazi population. The prevalence of this mutation in the United States and elsewhere depends on the date and place of origin of the founder mutation. The answer to these intriguing questions requires comprehensive testing for this variant in other AJ populations across the globe. In the interim, the discovery of this founder mutation will have immediate impact on genetic testing for CCM in the United States and potentially worldwide.
